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很好的拟合精度，决定系数大于 0.97。研究为优化干燥设备设计和操作条件提供了依据。  
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1  材料与方法 
自行研制搭建的过热蒸汽干燥机理试验台架流程图























1.空气压缩机  2.阀门  3.流量计  4.电加热器  5.阀门  6.水槽  7.泵    
8.流量计  9.蒸汽发生器  10.阀门  11.气体混合室  12.电加热器  13.电子
天平  14.干燥装置  15.托盘  16.计算机；T 为热电偶；P 为压力计 
 
图 1  过热蒸汽干燥机理试验台架流程图 
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式中，X 为物料干基含水率，%；t 为干燥时间，min。X0、







图 2  热空气干燥曲线图 
Fig.2  Drying curve for hot air drying 
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2  结果与分析 








2.2  过热蒸汽干燥动力学特性分析 
当干燥介质为过热蒸汽时，在预热阶段过热蒸汽迅
速在物料的表面形成凝结水，物料的含水率增加。通过










图 3  褐煤热空气和过热蒸汽下的干燥曲线 
Fig.3  Drying curves of hot air drying and super-heated steam 
drying for lignite 
 
 
注：X0、Xmax、Xcr 和 Xeq 分别为物料原始干基含水率、蒸汽凝结结束时物料





图 4  过热蒸汽干燥曲线图 
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② 物料吸收的热量与干燥时间的关系 
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水的比热容约为 4.2 kJ/(kg·K)，蒸汽冷凝温度为 Tcond
约为 100℃。物料温度 T 是与时间有关联的变化值（约从
20℃变化到 100℃），直接对式（7）积分较为复杂。物
料温度 T 按平均值 60℃计算，式（7）分母中  w condc T T
这一项的值约为蒸汽潜热 γ 的 1/10，因而作简化忽略
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3  模型验证 
采用本文对过热蒸汽干燥曲线的数学描述公式
（13）～（15）对试验得出的图 3 的褐煤过热蒸汽干燥曲
线进行拟合，得出的拟合曲线图如图 5 和图 6 所示。其
中图 5 是凝结段曲线的拟合结果，图 6 是整个过热蒸汽
干燥曲线的拟合结果。可以看出，拟合值和实际数据值






图 5 过热蒸汽干燥凝结段曲线的拟合结果 
Fig.5  Fitting curve of condensation stage of super-heated steam 
drying 






图 6  过热蒸汽干燥曲线的拟合结果 
Fig.6  Fitting curve of super-heated steam drying 
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Drying kinetics of condensation stage in super-heated steam drying 
 
Shi Yongchun1,2, Li Jie2※, Li Xuanyou2, Wang Chengyun2, Zhao Gaiju2, Yin Fengjiao2 
(1. School of Energy and Power Engineering, Shandong University, Jinan 250061, China; 
2. Industrial Energy Conservation Research Center, Shandong Academy of Sciences, Jinan 250103, China) 
 
Abstract: In order to explore the mechanism of the drying process and to optimize the drying operation, the comparative 
test was conducted with hot air drying and super-heated steam drying for lignite. The results showed that the steam 
condensation happened obviously in the initial stage of the super-heated steam drying, which resulting the obvious 
different drying kinetics compared to the hot air drying. The effect of the steam condensation on the initial stage of the 
drying process was studied through theoretical analysis of drying kinetics of super-heated steam drying. The 
mathematical model of super-heated steam drying was improved by combining the steam condensation on the basis of 
the mathematical model of the hot air drying. The experimental results verified that the fitting precision of the improved 
mathematical model was well and the determination coefficient was above 0.97. The study can provide a basis for 
optimizing the design and operating conditions of the drying equipment. 
Key words: drying, kinetics, models, super-heated steam drying, condensation 
